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Abstract 

A rcvievif of the emitt inee and spectral emittance of the 
leaves, soils and plants is done. F^ora the theory of " remote 
sensing of surface temperatures", an equation of the upper 
bound of the absolute error (Ifiej) of emittance determination 
is done. It shows that |6€| decreases with an incrcfasc in 
contact temperature whereas it increases with an increase in 
environmental integrated radiant flux density rospcctivcly . 
Change in emittance has a little influence on js'e j . A plot of 
the difference between temperature and band radiance temper- 
ature vs. emittance is given for the following wavelength 
intervals: 4.5 to 5.5 pm, 8 to 13.5 pm and 10,2 to 12.5 pm. 
Techniques for determining least upper bound and highest lower 
bound of tlie spectral einitt.‘mce from calibrated .spoctroradi- 
ometric data without knowing the contact temperature are given. 


A part of this work was done at the Laboratory for Appli- 
cations of Remote Sensing (LARS), Purdue University. W. 
Lafayette, Indiana and sponsored by the National Aeronautics 
and Space Administration under Grant No. 15-005-112. 

*Research Scientist in the Space Computer Science Division. 
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Al)«t ract 

A review of tlu! emitt live and spectral cMniitance of the 
leaves » soils iinil plants is done. Fioin the theory of ** remote 
sensing of surface temperatures**, m equation of the upper 
bound of the absolute error (|6cl) of emirtance determination 
is done. It shows that jAe] decreases with an increase in 
contact temperature whereas it increases witli an increase in 
environmental integrated radiant flux density res pect i vely . 
Change in enittance has a little influence on • A plot of 

the difference between tcMnperature and band radiance temper- 
ature vs. cniittance is given for the following wavelength 
intervals: 4.5 to 5.5 pm, 8 to 13.5 and 10.2 to 12.5 pm. 
Techniques for determiniug least upper bound and highest lower 
bound of the spectral einittancc from calibrated spec troradi- 
ometric data without knowing the contact tciuperalnre are given. 


A part of this work was done at the Laboratory for Appli- 
cations of Remote Sensing (LARS), Purdue University. W. 
Lafayette, Indiana and sponsored by the National Aeronautics 
and Space Administration under Grant No. 15-005-112. 
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All w#!)jcccs above* absoliire zi*ro r«i«!iati* i iu by virliu* 
of ibcir t at uro and 1 1 am <• . At i i at urt*s tioinally 

ixbibiliil by natmal .it or »h*ar the earth’s surfaro, 

this radiation ib altiioHt fiilirt^ly in the* infrarod wavcKnf.lb 
ro>»ion from approximately a tim to U)0 i.n. 

iManrk's lailialiott law st.itos that at any j;Ivon 
t i*mpi*raiuro , T, and wave! onp,t h , X, iho r.axiraiia poKsiblo 
-pciiral ladiaiu'i* uf oiniitod radiation is tho blai’kbody 
spoetral radianoe at that temporaiuro, T, and wavolcnp.th, X. 

No natural surface emits like a porfeet blackbod> due to 
rofloction of rays by tho tnuface duo to <1 i soont i mii t y in the 
index of refraction. Thorofore the specital omittance or 
spectral omissivity of a tarpot is defined as the ratio of tlu* 
radiation omitted by the taipot to the ra<li;uion iiiiitted hy 
the blackbody itt the same temperature and uavolon>;th. T’ne hand 
omittance and emitlance of a target are ihfiiud similarly 
cxit'pt tint the radiation is int<‘gralod over a <ortaln 

wavelength interval X to X anl the ontiii* wavoK-ngth rigion 

1^2 

respectively. Thus, no instruments can yield a ron€*cL 
estiivatc of surfa.c temporalurc by n ;»oto sonsinp. if the 
omittance i)f t!io surface is not takiMi into account. Gates ami 
Tantraporn^ (1952) havi? pointed out tluil aov urate kiu>wlodge 
ei ncerning the ii.frari‘d ro f m et anco , ah .iU' j>t anco , .»nd 
omittance of leaves in Lite 1.0 ta 1^).0 um roj;ioii is essential 
for a detailed understanding of the energy exchange in the 
biosphere. Accurate km^v.^edge of the infrared omittance of 
plants is ro<|uired in many diverse ecological appi ic.itions . 
Most researchers rt*copni retl this problem but. iiopjoeted to 
apply the needed corrections, arguing th;it all plant surfaces 
luive a longwave emittanco of 0.93 or greati*r, most leaf 
omittances being 0.97 to 0.98. 

Monteith arul Sxeicz*^ U962) and Gates^ (19b3) estimate 
that asstiming the isnit lance of the plant surfaces iqual to 
one may cause errors of at most 0.2®C in llu' moasiirement of 
Choir temperature. Fuchs and fanner^^ (1966) sliow, from a 
simple calculation, that if the incident thermal radiation 
from the sky and surroundings wore 300 watts per square meter, 
corrttspondi ng to an apparent sky temperature of -^4^^ C, and it 
the surface temi>eralure were 23^ C, a chaugp? of er.iittance from 
0.95 to 0.98 would cause a measurement error of 2.2^^ C. For 

m any d e t a i 1 c d inv es t i j^a t ^ su ch dis c r a n c i <*s arc 

intolerable. Kumar ^ (1972) has dune a tlio rough review of the 
general area of ’'reflection ;ind emission f r<'m plants**. 
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Emiti.mcti of l.i'av»*s 


Tho emiltancc of a surfai*o 4lo|M*ni!s on its roi 4 *linoss an 
well as iis i iMnpt»r.il lire , in i^onoial. Kriill.ituo of loavi^s ^*.ivc*n 
by K%':! ekenborp,^' (I92tt), Cates^ (1964) am! (kilos ol . al/ (l9ti5) 
range i rom 0.95 to 0.98. r.nbarotf et. al.^^ (1960), p. 293, 
imliiMtoil the oT^ittanee of tho loaves to bt‘ r..ore than 0.90. 

Till fell and Austin^® (1963) nporied the er.iltance of citrus 
leavcb to be abiiul 0.87, using the data of Catos and 
Tantraporn^ (1952). (kales and Taniraporn^ measured the 
reflectance of upper and Kiwer surf.ices of leaves of di’ciduous 
trees and herbaceous plants at 3.5, 7.5, 15 and 25 imi, at an 
angle of incidence of 20^’ and 65^. Tin* infrared radiant source 
was the (»lobar whose radiation was reflected off the leaf 
surf.ice at the desired angle by means of spherical fnnl- 
siirf ace mirrors and then focussed upon iht* mil i. nice slit ol 
tile infiaied sped roind ci • It can he scmi from their data tlie 
refK'ct.mce of most leaves in the infranul wavilengih region 
bi vt>nd 2 vmi lies between 0 .imi lOZ and its value varies from 
leaves ol one plant to atuUlier. 

I iM'lis and Tanner^* (I9i»(^) found tlie ^•milla!n’e of siup.le 
leaves of sn.ip beans and ttihacco to he 0.96 and ().97, 
respe4-t i ve ly . They Ciiveriil the teinperalurc-coni rolled anodinecl 
surface by the base of a **skewed** aluminum cone with a highly 
polished reflecting surface. The leaf wms placid at Mu* base 
of tlie cone, and the apex of the cone was cut to fit Lite 
entrance pupil of the infrared ther.Mnnol er , so that the leaf 
behaves like a hlackl>ody. Idso et. al.^^ (1969) described n 
methiu! for determining the infr.ared omittance of iiulividnal 
plant leaves which is relatively simpler than Fuchs and Tanner 
(F - T) method. Mcasurouients on a wide variety of plant 
surf.iccs by this metliod indicated that significant ditferences 
of emi nance exist among the varioin; species. The emittance 
values ranged from about 0.94 to 0.995. They piunted out that 
tho values of emittance, deLermined by infiarod tliermometers 
of different spectral sensitivity, are not uniquely relat4?d, 
thereby emphas i ;:ing t he imp4»rl ance of emi 1 1 am*e measnrcmenl s. 

The emittance ot a single loaf is not reproseiU at ive of 
the emittanco of a plant canopy because of tlie multiple 
internal reflections resulting from the plant geometry; 
tluMetore, tl;e emittance i»f a plant canopy has 1 4M)o iletermi nod 
soparal oly*^ . For doteriniiung the emitt.mco ol a j»laiit canopy, 
one has ti» define a meaningful tempeiatuio of a plant. For 
example, the temperature of a plant canopy can he defined as 
the average of the temper.it ure of its le.ives. It is extremely 
difficult to nu*asure llu* tcnpi'ratnre of I lie plant suit aces in 
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thtt field conditions because tne surface t oniperaturc varies 
quite rapidly, c&pecially wlu ii the wind is hlciwiiig. Fuchs and 
Tanner^ determined the radiation emitted by tlic vegetal 
surface. Then, they covered the vegetal surface with a 3 

bottomless, hemisphcM* i cal **pop lent** covered on the inside with 
aluminum foil so that vegetal surface b«?haves appruxiinately 
like a blackbody^^^ They determined the emittance as the ratio 

of radiant flux density emitted by a vegetal surface to the ■ 

radiant flux density emitted by it, wlu a it is covered with 

the pop tcMit. Covering the vegetal surface by the tent changes 

its energy balance and thus its surface temperature. During 

daytime, the tent cuts off the solar radiation and sky 

radiation. It affects the convective heat exclKauge ;ind uiay ^ 

also modify the transpiration pattern. They found the 

emittance of dense canopies of alfalfa and sutlangrnss to be 

between 0.97 and 0.98 on clear, calm nights when surface 

temperatures are more steady. The author bolioves that the 

emittance of a wide variety of leaves has not been measured 

carefully, in the natural environment in which the plants 

grow. The effect of orientation, temperature, moisture 

content, plant diseases, nutrient deficiency, etc., on the 

emittance of the leaves should be studied. 



Emittance of Soils 

With the advent of radiation data now available from the 
infrared measurcraents made by the satellite, there is an 
increasing need to know accurately the values of terrestrial 
surface emittance in order to interpret the datai^. Most of 
the investigators (for example, Wark ct. al. have assumed 

black earth in interpreting data of the satellite. Rueitner 
et. (1964) have pointed out that the other data and 

literature are quite conflicting and confusing,. For example, 
Falckenberg^ (1928) shows that sand of the Baltic has an 
emittance of 0.89 at 300^ K. While Kruse et.al.^^ (1962) give 
a value for **tcrrain of 0.35 (it is not clear here whether 
this is the emittance of the whole spectrum or just a portion 
of it, but presumably the entire spectrum). Barnes^^^^ ( 1963 ) 
lists values of emittance of 0.28 to 0.44 for gravel, plowed 
field, and granite. Falckciiberg^ (1928) also lists the value 
for snow emittance as 0 . 995 , while Miller^^ ( 1903 ) lists the 
window value (water vapor wiiulow) as 0 . 35 . 

13 . • 

Buettner et. al. also reported that infrared signals 

received in the 8 to 12 pm water vapor window by weather 

satellites and aircraft are dependent on surface temperature, 

surface emittance and atmospheric interference. Nowhere can 

variations of surface emittance be neglected in order to 
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i'V.iltiaic thi» surf. ice t al uti‘s . Tlu*y j*rt»Si»nl€*(l 

Llui'i* mc'lliods v( diti^nniniug siirfaco i*iniitanco: (1) ret U*i*t 5 on 
data from i’%>lislioJ sar.iplos r.m on a s|n i op!iototuoter , (2) a 
ikvico coast nut od by Huettn-r and Kern^ ^ i.ilU'd .m umissivity 
box, and (3) cmitt.inct* as inlorrod from tlio TIKOS salo!)ilc 
data. They ^avo geological iiitci pret at i oas of the TlhOS 
H.iicllitc ilata along with the values of «*inittancc dote rained 
by the above tlirce motlu>J.s. rmittance of quart;:, gr*tnitc, 
feldspar, obsidian, basalt, diinito, dolomite, sand, water, 
etc., ranged from about 0.7 to 0.97. 

In tlio emlssivily box (Buettner and Kt rn (li K) 
Metlu»d^^), the radiosity of the S4>il is first iK»asured when it 
IS expo.sed to a liiglily reflecting enclosed surlace. The soil 
is then exposed tt> a liighly emitting surface. Tlu* cmittance of 
the soils is determined as tl»c ratio of the two neasurenionts. 
Because ol the large si^c of the U - K apparatu.s ,t his method 
is used almost exiMusively for determining infrartd omittance 
of bare soils .and n>cks. On the other hand, the 
likctliod presented by Fncljs and T.mncr^* (F - T Metluid) is well 
adapted to this use and, in addirioti, is suitable for 
measuring the infrarod enn 1 1 uico of plant leaves, but it 
requires that the l>ase of the cone needed to create the black- 
body cavity should be larger than the individual leaves of 
most plants. Fuchs and Tanneri^ U-^h8) r ei-onaaended that 
aluminum cones with apex angles o! 120‘‘ or largc’i, or shallow 
cylindrical cavities which have smaller apparent emi ss i vi t i es . 
be used to improve accuracy of the measureiaenls . Idsoet.al.^* 
(1969) propiUied a method for determining emi t lance of plants 
and soils which overcomes the dimensional limitations of the 
methods of Fuchs and Tanner as well as lUiellner and Kern and 
it gives result.s in good agreement to both of tlicm. 

Hovis, Jr.^^ (1966) lias given spectral reflectance of 
some common minerals Hkt? carbonates, sulfates, nitrates, 
salt, silica, etc. from 0.5 to 6 pra. lie pointed out that the 
• infrared reflectance spectra of these mimrals exhibit 

.spectral absorption band patterns that ean be dctciicd in 
reflci’tii'n 1 rom surface minerals. 

I llovis, Jr.*"® (l9o6) made the spect ral r**flcctance 

‘ measurements in tlie 0.5 to 22 pm, from a number of soil.s 

‘ including some beach sands and some commi^n sui f ace minerals - - 
I" calciun; carbonate, calcium sulfate or gypsum, sodium chloride, 

Ic sodium carbonate, and inulium nitrate. He icporti-d lliai if the 

measurements are restricted to the windi>ws in the atmosphere 
ol e.irth, I lie 10 pm to 12 pm interval si?eia.s io le the best 
‘ choici* for radiometry sin e, in iliis inft»rval, minerals are 

most uniformly bkack. horenz^l (1966) f ouaul the gray 
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ti'f li*iU aiui’fi of i5i>wo uatUiiil Mir fores - s.uui, rwMUTote, 
coarse gravel, brick roof tile, fine basaltic gravel, asphalt 
and lawn to be In the range 0.027 to 0.iU»2. Cray emtttance can 
be tound fiom gray reflectance using Kirchliofi's law. 

Kmi 1 1 aiice Char.;>'s 

r.atcs22 tl9n5) has pointed out that plant », like aninvils, 
must regulate tlieir temperature in order 1 1 > tuncti«ut at opii* 
mum physiological effii*iency. This is accoiupl i shed through 
ilirtc mechanisms: radiation, iranspi rat ion and convection. Tlie 
€}Ut*stion aiises: does a leaf adjust its omittance in i>rder tii 
regulate its temperature? Tlic emit lance of a leaf can be 
chang4*d by changing its sutface geonelry and/or its orienta- 
tion. A change iti eiwi roniTHUit al coiulili^nis can change the 
leaf moisture content, which in turn changes its surface 
geometry. The author believes, yet to be confirmed by e^peri- 
luents, that it is unlikely ih.at a leaf adjusts its surface 
geometiy in order to regulate its emittanee aiul hence temper* 
ature, because it is miu'b easier for a leaf to change its 
orientation in order to atljust its heat load and hence temper- 
ature. For example, on a hot sunny day, it ean change its 
or i ent at io!’. witli respect to direct sunlight to reduce .;olar 
radiation absorbed hy it. 

Conaway and Van biivel^l (1966) reporli’d th.it their radi* 
ometrieally determined t eiaperat ures of the plant canopv could 
he cxplainetl by postulating a widely varying emittanee of tlie 
plant canopy. They said that the possibility of widely varying 
emittanee of the plant canopy exists siin-e many changes occur 
in a plant cano|>y, as factors such as wind speed, solar radia- 
tion and water availability vary, but no attempt was made to 
sttuly tliese. 

Krror Analysis ol Fmi trance aiul Spi'ctral 
Kmi 1 1 ance Measiii emcnl s 

Kuclis and Tanner^ (196h) have discussiul the theory of 
♦ j remote sensing of sm face temperatures using int rated radio- 

e 1. meter, a part of wiiicli is summaii.nul lu»ii*. riiey made the 

) following assumpt ions for remote sensing of plants. 

\ r; l.) Cray emittanee in the wavelength lange sensed by the 

) I radiometer (i.e., 8 nm to 20 nni) or 




e(A) »» c (8 ni« i ^ i 

2.) r(\) is independent of temperature 
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3.) Ki I fhh.*f 1 ' s I..IW is vnJid. 

c(X) -a(X) - 1 - p(X) (2) 

Vt Ksioii 0 in K pn < X 20 pm) 

whcrt* 

p(X) • the reflcftanoc .it wavolength X 

UnJ(>r tbcKi- ions, tlx* total a|*|)aront oiitwarU railiant 

tUix lionsliy mcasnroJ by thu radiaiu'tcr is j;ivcn by K^. 

F - c t<T) oT^ ♦(!-€) f(T.) F (3) 

o *> o 

r.uliant flux radiant flux 

di nsity ciaiiti‘(! deusitv i i*f lorlfil 

l»y the plant from the plant 

r « contact icmperaliire of the plant . For example, 

temperature of a plant can be def itied as tlio aver- 
ap,e temperature of its const i tUiiii s . 

tJO tt» 

ftT)- I f(X) F^. j^(T) dX / j F^ (T) dX (A) 

0 o 

where 

b I'lackboJy radiant flux density al t e:i;per- 

* at lire T and wave length X 

“ oiwironnient inte^iratiu! radiant flux diuisity 
at temperature 

f(X) ■ filter character i St i es for the infrared 

radiometer (for example, for Harnes infrared 
radiometer: f(X) f 0, 8 um i X < 20 pm, 
f(X) ■ 0, othei-wise). 

Kquation (3) is the f iindainent nl equation ilescrihinj; the quan- 
tity of radiation received at the detector of the radiometer. 
Since the absolute value of f (T) is not inpoilant, but <nily 
its form, an asaumption is now made that f (T) is constant for 
the ran^’e of biolo>;ical temperaturos eiicouiUered. The radio- 
meter is calibrated according, to the quantity. 

F = F / f(T) (5) 

d o 

where 

- denotes that the ciuaiitity is ili'fined. 
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F , - c o r** 

il 


f(T^) 

(I - r) — F.. u 

t(T) ^ 


(«•) 


where 


( 



i 


• lull rntli^Uoi tuirfnee temperal me ita sensed by 
the radii>nieter . 


Tlie radiometer inieiprets the eontaet surfac'e 1 einperat ure ♦ f, 
to be full radiator surface lemperalure T,;. If t * 1, then 
“ T, Alsu, if the intep.rated full r.uliator t4*mperature i>f 
tne sut romulinn^i iqual to the eontaet .surfaee teR»pt»r* 

ature (T), then Tg *• T. If the surface has an emittance sub- 
stantially less than unity, and if the surface imaj»es sun or 
cold sky, the full radiator surfaee lempi*raiure as measured 
with the IK radiometer nuiy he quite iliflcrent from the contact 
temperature. Hence, there is a need for determiniiq; emittance 
and LMwironment int**grated full radiator lempi'ralure, T^, 
accurately. Equation (b) can be written as 


t oT** ♦ U • f) FJ 


S 


where 




f(T) 


(7) 


FiK-liK and T.mnor assumed that F* is a cmistaiit (i.e., 
independent of tuuiperature T) , whieir in turn assumes that f (T) 
is constant, f (T) ■ constant is a good approximat ion for small 
variations of T. Kqualion (7) can be rearranged to give 



oT** - F* 


lb) 


Fj and T are experink'ntal ly measured values and contain 
measurement error. Let 5Fj and <ST be ibe moasui t im ut errors iti 
F,j and T respectively. Then Fq. f8) ean be rewritten as 


c * 6c 


V' , * 6f , - F* 
d d _ S 

0(T 51)** - F* 


i‘>) 


where 


6c » error in the deteiminat ion <*f I'lni 1 1 .mcc 
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1 6 T I , T o T"* I 

l-ron Kqs. (») unJ (V), ' h < 1# I , 

c-i** - r* 

AT 

an»! • i>'C r.-.coiiJ » i»Ut .md hij'.lui i*r<U-rs of (i.**., 

6T.*’ , , etc.). wi 

f :f) y ) 

y ,, -‘AT • S) 

v^c *• 61 - . - * 

O L (mIi 

or ~ ^ V- 

il should bo pulnlodoiit iliut Kq • 0 ) ^ •**' • xai t 

i i4U.it i%)ii boonisi: of .1 miiiibor *>f arsupplious n.ado in dt^rivinp 
the equal ion. A c^niiploic error analyris .*;houhi .il.so inolude 
amither t* rm ia 6 \\\ represent inp. the orriu* due to tin* as- 
sur.ij> t ions rrido . K*jii.ation (10) i .in be lowriilon as 


^ 6 F 

|oT“ - K-l I 




where 


I I denotes the abst>lute valut* 


l^ci < - -• 

|oT" -r*! 


lor- - r*l 


(Ui. iug the 
I r i angle (12) 

1 nequ.il i Ly ) 


It siiouid be pointed out that wh«*n the euv i rotviuent integ- 
rated radiant flux dcn.sity, F* *oT''. tlu radiaul flux density 
ci'i:iin>; from the target is cqu'il to oj'* (blackbody radiant flux 
dei'.sity) irrespective of the emitt.aico (»f tlu* larj’el. 'Ilitis, 
llu* T.'idiiunctev cannot he useil to ineasure the etui t t.inc'.e ot the 
target in this particular case. 

Usiii}; Kq. U2), Ifcl is plotted aR.-iiunt Kj^ vifb the 
paramiti-Ts e, t, Ifil’l and l^F^l in Tips. I l<) a. It is clear 
fr«’m Fif'.s. 1 to 4 that the upper bound of l6r. j (absolure error 
in the deLerininar i on of einill.ince) incrcasi's with the incri'ase 
in Tlius, for accurate determination of emi t t .ifice cf the 

plant suvfacor. in the field, the oxperituiiit should beconduc.t- 
id wlien the sky in relatively clear Lt- have a .small value of 
Fq and. hence snail [Scj. Ki};. 1 shows th.at the eiiiittance of 
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Che tnri;ec» su> a loAf, lias 
Fig. 2 tiuiws that j£e| dcct* 

' o 

Tcnpeiaturc ■■ 25 C 

AT ■ Max. Error in Temp. 

! Mens. - O.l^'c 

c ■ Emittance .. , 


«>*’**^** V ~ 

(. 1 [ 5c I as a function 

of with c as 
a Parameter 

, - o{(T + 0.5)** - !*♦} 
ittance c -0.95 
- 0.1°C 


Fig. 2 1 5c I as a function 
of F^ with C as a 
Parameter 


a very little influence on |5c{. 
casus with an incrt^ase in tempur*- 
atiirc. Figs. 3 and <* i.!iow, ns 
expected, that inci»'38i»iB the 
error in temperature measurements 
and radiometric measureuents, ro'* 
spectively, results in an increase 
in error in omitt.'incc determina- 
tion. I 


As pointed out curlier, the 
previous investigators have as- 
sumed the emittance of ttie natural 
targets • I for the interpretation 
of mul t i spectral, scanner data in 
the thermal channel. Neglecting the. 
radiant flux density reflected 
from a target, Fig. 3 shows tlic 
difference between temperatufe of 
the target and the band radiance 
temperature (i.c., temj 'rature j 
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found by assuming thu target to be a blackbody) versus 
emittance for the thermal channels which have been used 
in mil ti spectral scanners of Environmental Research In- 
stitute of Michigan, fonnerly called Willow Run Laboratory, 
University of Michigan (4.5 to 5.5 pm, 8 to 13.5 um and 9.3 
to 11.7 pm), and Skylab (10.2 to 12.5 pm). Fig. 5 shows that 
for a given value of the emittance, the difference between 
temperature and band radiance temperature is lear/t in the 4.5 
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(i) lUrjtl natural targets 
liavv L.wor muiitance 


(iii) 


in the 4.5 to 5.5 ;jin thorir.al ch.iniu 1 as <onr ired 
to tiu'ir vr.u 1 1 atu'C* in liui’nial chanufls ;iiu)wn 

in ri^». 5. j 

Atmosphere is Jess transpaient in the 4.5 to 5.5 j 
pm in thermal channel as coniparod to in other ther-j 
inal channels sijown in Fi^;. 5. j 

The radiance of a natural tartlet in the teinpi r- 
.It lire r.iny»e C to 50 C (temperai ure ranpe 
orally encountered in the natural tarj;ets) is con- 
siderably smaller in the 4.5 to 5.5 |im tlierinal 
channel as compared to its radiance in other ther- 
mal channels shown in Fip.. 5. Tims, sij;nal to noise 
ratio in the thermal clianiu‘1 4.5 to 5.5 pm is ex- 
pected to be lower than in otlier thermal channels 
shown in Fij;. 5. 
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KMITTANCK AND SPECTR AL KMUTANCE 


) Dt-lc-rciiii.it ion ot Tcr.i|»ci aiurc <>»kI Spectral Emittancu 

» ^ 

It is iiuilc iiupoi t ant to know the t«'n;pt raluro uf the nat- 
I lira! tarj’et — say plants — to tletect the subtle chanp.es in 

' their lonpeiMturc due to stresses by Insects, plant dis- 

eases, physiologi c.al disorders, nutrient deticiency aitd ad- 
verse envi roiMiient effv<Ls. Optiiiiuin temperature exists for 
certain biolot;ical activity in the organisms. It is also nec- 
essary to know the temper.it ure of a target for energy b.ilance 
calcul. 1 t ion.s. 
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(A) Spectral K.-idiance Teiuperar ure and Average ler.iper.iture 


If the temperature of a natural target is not constant 
over the whole target, its mc^atiingful temperature can bo de- 
fined as the average temjieraturc of the t.irgct over its entire 
area. It was slrown by Kumar and Silva^^ that, for a target 
having a non uniform temperature distribution and emittance*!, 
the difference between tlie spectral radi.ince temperature ‘of a 
target, as measured by the spectroradioi:»cler , and its average 
temperature is tathcr small and ^within the accuracy of the 
spect roradiometer. ! 

I 

I 

' ( ') ‘J. ectral Emittunce and Temperature DetenuinaLion i 


j Let a spectroradiometer whose r.idiance and v.^avelength 
scales have been calibrated, record the spectral radiance 
coning from the natural targel-;-at wavelengths Xj, X 2 ••• 

Let the target be opaque (i .e. ,' transmission « 0) in the wave- 
length region Aj to Aj^. ITuo ughotit thi s sect i on, i will refer to 
i ntepers 1 , 2 p ... N ; \ an d k will refer to integers lying be - 
twee n 1 and N . The basic assumption made in this analysis 
tliiTr the' reflected radiation from the t.irget is negligible as ! 
conp.ired to the riiJiation emitted from it. If the sky is clear, 
this is true for the most natural targets for wavelength lon- 
ger than approximately 4.6 nm‘25. flegleriing intorferrnce by 
atmosphere and using Planck's Law, 1 
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T (X{) • spectral 
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radiance Ic'mperni ure at wavelength X. 
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^ • B^ocLral r.itHiinoi! of i*.ulintii>n t-iuiiiiMi by the 

i target at wavolongth k. 


Tito I «*iajHTatiire of a target, for aj»j>l itat ions to sptctro' 
riulioiaet ric measiiroiaents . *s tlefincd using iManck's Law, aa 
fol lows. 


T . 

kX. 

1 


log I ♦ 


,2h.2 c fX.), I 
I 1 ) I 


I 

*It fihoiilii hr pointoil out that in ac?ual prarliri?, tlu* vjilur of 
^Icmprrature T, at the wavelengths Ao ... may not be 
equal because of the experimental errors involved. T hrou ghout 
this Sectiiin, the word **lemprral ure** of a natural target will 
be used to mean temperature, T, deliiud by eq. (14) I 

I I 

[ There arc N equations in eq. (13) and N unknowns, Ti(X.),j 
which can be determined. I ^ ^ 

! "-x.o-) 


h . (T (A.))« blackbody spectral radiance at wavelength 
^i, “ * temperature (X.) 


t (X.) 


spectral c^litt.^nco of the t.irget at wave- 
length X-.' j 


From I'qs. (J4) and (15), one obtainti j 

T (X.) < T, T (X.) " T if* and only if t(X.) - 1 (lb) 
s 1 r“ s i . I i 


j There are N equatiour. in eq. (15) and N 1 unknowns — 
p(X.), i»l ,2, . . . N and T. llierelore, Kq. vl-^) cannot he solved, 

• in general, i.e., the l lunperat ure , T, of the target cannot be 
jdetennined without my km»wlc*dgc about its spectral ciai tt.mce. 

I The variables of eq. (15) are plotted vr*. wavelength in 
Figs. 6 to 1 1 . Although the wavelength range in these Figures 
‘is taken to be 0.5 to 14 pm for illustrative purposes, wo are 
concerned only with the wavelength rang,e about 4 to 14 pm in 
this Section. Figures 0 and 7 show that the difference be- 
tween the teMpernture, T, and spcfctral railiance temperature. 



UKKJINAL PAGK IS 
OF FOUR gUAU'IT 


J.;JI1TANCK AND Sl’KCTRAL I-.MITI ANCK 



Ki)>. f f iMciict lU’tWi’on 

Tci.iperaturo auil Sue e'- 
er 41I Kadiatu'i? Tei.;j>k»r- 
t u r t» V :» . \\ a V t* 1 1* n >» t h 


Fip,. 7 nlfrimu’i* luiwoi'n 

ui (» A\u\ Spec- 
tial Kaiil.uicc* TtM:;pc*r- 
atuM* vs. Wave til 


T^(X), iucrcasts alinost liiu’arly as tlu? wavfU*np.Lh increasi-s 
for a pjvon value of spi*ctral omittance. ri>;ure 11 sliows that 
j[ T - Tjj (A)]/X V;;. wavelength is almost a constant for a 
piven value of spectral einittancc of about 0.8 to 1. To find 
a good approximation of T, one mlninirus [T - T^. (X)] ever the 
wavelength range of the sped rt>rad iomet er . If tlio target were 
a gray boily (i.c., spcn'tral einittancc* is i tuK uC ol wave** 

length), min [T - (A)] will be loiiiul at the slu>rtest wave- 

lc»np,th of the wavelength range of tlie spi*ct r4>rail iotnel or r- X^. 
^In actual practice, however, the natural taig.et may not be a 
gray hody^ in the wavelengtli range 4 to 14 Tlieie- 

forr, in giMter.il, min [t - Tg (\)'\ ciiu He .inywhere between >\ , 
and X^* depending on spectral endltaace *iiul spi’Ctial ra^*iance 
temperature of the target. Figures 8 tiiul 9 rdiow respectively I 
th.:t the accui.icy of the expi r iinent al ly del ei mined speetral 
er.iittance of a target using a spect ror.id i oiiiet i*r increases with 
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Fig. 9 Spi*ri ral F.mittance 
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incrt'asing vavoliMigths; aiul the acruracy is weakly .lependent 
‘upon the temperature of the target. As pointed out earliei, ! 
cq. (15) cannot be solved in general. However, the solutions 
of some of the special cases of eq. (15) are discussed as 
follt.WK. 

(a) If the target is a blackhody at one or more wavelengths X . , 

1 < j i N, one gets t ^ 

T - T (X.) • max. [T (X, )1 , i - 1 , 2 , . . . N (17) 

• s j ^ I 8 , i J 

1 

(b) Tlie spectral emittanco at some wavelength Xj is a known 

function of the spectral emittance at some other wave- 
length Xj^, i .e. , ^ 

I t (X ) - f [c(X )] (18) 

Fquations (15)and (18) have (N^l) equationn ind (N^l) unknowns 
>- e (Xi), i « 1, 2. ... N and T. Thus, the unknowns can^ be 
calinilarod. I 


J * 

U should be pointed out that if (X) • T ■ constant 
(i.e., independent of wavelength), it does not imply that the 
target is necessarily a blackbody, for its spectral omittance, 
•,r (X), could bo given by \ 


‘ hc/XkT , hc/XkT* 

i (o - 1 ) / (e - 1 ) 


(19). 


' In actual practice, however, it is very iinlik^'ly that the 
spectral enittaiice of a natural target is given by eq. (19). 
jln acLiiai practice, it (X) *» constant .♦ e, in the wave-- 

, -- length range about 7 to 14 um. 
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inio coni it say that the is probably altm^st a M.ickboJy 

witli spectral emit lance greater tliin .ippnix im.il el y 0.98; wheie 
e * 4 iverap,e of abs4>lule value of the nior involveil in iletein.i- 
nation of Tg (X) (Fit;iiie 7). A typical value of e is 0.5^ C. 

(c) l ot the upper .in*!/or lower bouiuls on the spei t ral emitt ince 

of the target be known in some kiu>wn wavelength intervals 
, ^1 ^ ^ 1 1*^'*'**^' boin »1s may be <!et i i ini net! I ri)in the 

' .iva liable data ol speiM ral 4 ‘mi llama in the litiiature 

^ auJ/or researcher's ov%n i'xpcrit’nce an*! knowleilpe. 

(i) Tpper rumnils 


min. € fX.) ^ , max. t fXj) t2U) 


max. T 

(X.) 

» T. (fouml 
ilnl a) 

l'n»m sju'Ct inracUomcl r ic 

s 

1 

cn) 

max. T 

s 

(X.) 

• Tj (biu'wn 

V.lluf) 1 

1 

T > T^ 

(pq. 

(lb)) 

(22) 


Let I ) ilcnote the assuim*i! value. Assume iT)]* T;. Pet ermine 
values of ic (X.))i using eq. 1 5 .uul check if min. r (Xi)< ,mj^. 1 
'liOt , then cent inue taking tr )2 •• AT, {Tl, • T] *•' 2AT|... 


until at some IT), • T-j.mi!!. r (X.) - n>j v/i i hi n ivil ain prechoseiij 
suitable accuracy^ Mere AT is some s\ii table increment in tera- 
j)eiatnre. Kor example, one c.in take AT .is the average of ab- 
solute error involved in the ilet eririnat i4'u of spectral ra- 
diance temperature by spi'c't rorad iomi‘l cr . Simil.arly, i>Ut* can 
determine T^ correspoiuli ng t%^ the condilitm max. c IX.) * 

Let 
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max. 


L'iv '^2^ '‘jJ 


T 


h. 


where 


(23)' 


T , . ® lowi'i bound of the t iMuperal lire V 

!i. 1 .b. • 

If any cUher lower hound on T is known, it should also he in- 
•cluded in eq. (23) to deliMinine T 
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h.l.b. 
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Wlicii* 


c(X.), , 

i l.ti.n. 


low upper I'ouml on tlie spool rnl omittiinoo 


c (X.) 


(ii) I.owor RvMinJs 

n»o same procfklure usctl in "Upper lU>uml«" ran he folltiwed 
to ilrtoimino and c from f ho known lover 

hounds on spc*rtrai fT.nl I tanro. * '* 

Let the w.tvolenj'ths at which nin. (c(X,), . }, min. 

‘ 1 l.Tl o. 

{r(\.). , . ), TTT.nx. (r(X.), , ) and m.ix.{r(X ' I min- 

i h.l.h. ‘ i l.n.b.' ‘ 1 ..l.bj, 

lmizrd/m.nxlmi 2 ed over the wavoU'n>.’th ranp.o X] occur he 

' * 'b* 'c ^1’ 1 it's 1’*^“ 

X and X, and max. 1 l-(X.) 1 lies he we.n X and X, re- 
.1 b ‘ i •' c d 

spectively. Iff. (X.)>T (X ) for al 1 X.>X where I > j > N, 

S J — S K — — — j — « 

1 < k < N, it implios that uiiu. 
occur al waveloni»ths \ 


a 

twoon 


e(X.) auJ :uax r(X.) wouhl 


X, , and X 

b c 


X^ , rospoclively • 


llio auihi>r omphasizos that for most of the plant cano- 
pies with p,o<^hI ground cover (say, ground ciivcr > 0.70), one 
can take *^be approximation to iho t i*mperature, T, 

of tlic plant defined by Hq. (14) because the spectral *11111- 
tance of most plant canopies with good ground cover probably 
lies between about 0.95 and 1.00 in 7 to 14 pin wavelength 
range. If no more inform;irion cm the spectral enittance or 
l!ie target is available other than upper and/or lower bounds 
of its spectral emittanec which have hi»en used to calculate 
^h 1 b u.b. respect ivoly, one can take T (estimated) » 

One practical way of determining the tei’iperature of a 
natural target — say a plant canopy is to lake spcc’t roradi- 
onetric data on the plant canopy al two different times wlien 
the sky is clear (cloud free) so that the reflected radiation 
from tlie target is negligible as compared to the radiation 
emitted by it. These times should he selected close enough so 
that the geometry (orientation of the leaves, stc*nr., etc. per- 
e.ent ground cover) of the plant canopy can be assumed to be 
practically the same at both limes. Wind should be steady at 
Imth of these times so that the wind doe.s not change the 
geometry of the plant. Also, these two times should 
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1h h X\\M Ihi' U‘i;:iunM( /in i- ol Uk y-isiiA .sL one tain* if. 
likoly 10 !'0 HiMiil ly ini iliiiiat.il 1 1 am it;i 

ti ViiHM .Uure at t)u' olhor lii;:o* Tlar. rail ho ap^a l AiMat oly 
I'luu ki'^1 by Makinji a iou * luMit s o\ t iMittU’l 

Lho U avi*s dirretly i roJi) llu* f,pi‘vM vai .ul lanu t I'l by 

tlu’V. ifUov* Now, an aa»jV!mpl i\’U can be *;uuU' i lial i he tSTiil latieo 
of the plant eraiopy ii^ equal at both o{ ilit :;e t iru*;i fsluee it a 
p.eor.uMvy is pracMieally Iht* taiuic al (nU ii liiiu't.. Ihia pivefi i^m 
iu!<.!i MlmuiI equal iiUi (eq. (UO) aiul luau'c i eiupt i at uie, T, of 
the platil canopy can bo iU t inuiineil . How .'Vi*r , il the 1 1 i-quraluro 
of the plant canopy at one ti;;u in clone lo iin 1 1 ! iperat ure al 
another t ime within the expeviv.ienlal aecmaey, itun; the ; pee- 
Iral railiance of the plant canopy recunleJ by spi clrora i i oiit t v‘i‘ 
will be equal at two times within ONpiuitHMil il .lecuraey, i.i *, 
two eqnalionn of eq, (lb) are the same within ‘’Xperi-nental 
aceuracy. So, there are only N iiulepi iulent i tjual i vnn- i n (1 b) 
and N»1 unknowns r(A.),i- I, 2^ N, and l\ reiuperalure , 

T, cannot bo detonin noir without any knowlidpe of the spectral 
etnil lance of the taip.ot. 

' The same proceduve can be folli'^wed to ileteriniiu the teu:^ ; 
perature of a plant canopy by l akinp, fq»eet roradiomet i i c data 
on two plant canopies of the satue ciw>p, nuUnrity, }\eoriatr> 

;(or iental ion of leaves, atetus, ote,> noil baekpicnnul, petCi-nt 
yiound cover etc. These plant canopies can be assmued to have 
equal spectral emitlance in the wavolenyth ra;b\e of lhi‘ spt c-- 
iroradiemelor . Thus if their lemperatux cii are di I f m‘ent , one 
can determine their emittance and temperature. 

1 

I ^ 

I To create an il lust rat ion, previously acquired ealihrated 
data of tne Exot ech Motlel 20 tli spinel nu ad i omul er in the wave-- 
It^nyth raiH^G 2.8 to 5.6 pm on Russell Si It koiim Soil wereavail*^ 
nble^’V Mixiimim value of speetral radianci’ temperature from 
‘this data was found to be 42^ C at 3.b4 pm (eq. (21)). So, the 
;eontact temperature of the soil: should be at last ^i2^^ C (eq. 
1(22)). AssuTninp, contact lemperntme of the soil to he C* ! 
its spectral eiiiittance wa.*' calculated avoiding the wavi^eiq:t]i ' 
.rep, ion close to the pm CO.;, band and is rdiovvm in Table 1, 
Obviously spectral emittanee at 3.64 pm - 1, Note that Table I 
gives the upper bound of the spectral emittance. 
i ; 

i , 

r Table 1 Upper Pound ol Spectral Hmtt lance 

! ' 

Wave 1 eng I h i n pm ^ .4 3 , b 3.8 4 . n 4 ,8 5.0 5 . 5 


\y 


Upper Riniiici oi 
Spectral 
T'.mi 1 1 nu'c 


0.82 0.81 
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bt Mirh I 1 ml llu' i ill 4* ol t lu* j'l.iul .*l I imi* is 

liki'ly to b»* s i);ni f ic.ml ly l.U hast 2^ t-) ilitliMA.ii 1 1 its 
.ilur.* nt llu- olhor t iirv. This can he* oximalfly 
i V.i’i kril by nwikiny, a few iruMSiH i iuMit s ot 4*4»ntaot i » ? juTaiui o ot 
the liavis iliri'Ctly visiMu t lora tlu* sp4‘t*i i i»i aiHo;m«t or hy 
tlurn* 1 * si oi* . Now, an assumpl ii»n can bo i;mv1o ih.il ilu* omitlancc 
of the plant canopy is equal at inu h oi ihc«;e rinoM since its 
^• 4 •ot:uMly is practic.illy l lu* sa:ae at !u»lti lit'tes. This i-ne 

•lili! i t i ona i I'qualiiMi (eq. (IH)) .ukI Immico l ompei at hi a* , I, of 
file plant canopy 4 *an lie ililermiiuHl. Il%v^ vi*r . it i be t iT.piiainre 
of tile plant canopy at one t ir.ic i:» cl^^se to Its 1 1 rip»*ral urt* at 
another lime within the experimental accuracy, th*»n the : pei - 
iral railiance of the plant canopy recoiileJ by spci. l roratHani ler 
will be equal at two tines within e\pi*riment il aecnr.u’V, i.i. , 
two eipiations of e«i. (1*>) are the same within exp4*r inieui :il 
aci'uracv* So, there are 4*uly N iiul4»p4 iwU»nt 4 quat i4'»ns in (1*>) 
niul NM nnkiu^wns *— c(A.},i 1, 2, ... N, a;ui T. T4miperat ure , 

T, ear.iiot be Jet ermi noil' wi t lu>ut any knowKJpe I'f the speitial 
ein 1 1 t a nc e of the la; pe i • 

' Tlic same proee»lme can be lollow’eil to diMermiiu the t eir.-^ 
pcratiae of a plant c.uiopy by taking; sped 1 4n*aili4miel r ic ilala 
on two pl.nt canopies 4>f the sane ciop, maturity, >'4»oretr% 
\orieniation i)f leaves, stems, cic.) Si»il b.n'kp.i otuul , |»ercent 
piouiui cover ete. These plant lanopies can be assumei! to have 
C 4 ]ual spectral emit lance in the wavelenj»th i anp.e oi tin* spic- 
1 1 ora 4 Homcler . Thus it their i emperatni i*s ei4‘ ilifferenl, oin* 
can determine their emittance and t emperatui 4». 

I To create an i 1 lust i at ion, pia^viouslv acipiirc*d calilualed 

data 4 >f tne Kxotech Miulel 20 C: speci lau ad ur.netei in the wave- 
I 4 ny,th range 2.8 to .S .6 pai on KiissellSilt I.oam S 4 U 1 weie.iv.nl- 
able^**. Maximum valui* 4 >l sp»'Ctral radiamo* l i'ii.p 4 *i *it uri* from 
khis data was found to be 42 '^ C at 3 .P 4 pm tec;. ( 21 )). So, the 
vontact temperature of the soil should bo at last 42 ^' C (oq. 
1 ( 22 )). Assuming ev)ntact t cmiperal ui e of the Sc>il to be 42 ^’ C, 
its spectral emittance was ealculaied avoiding I lie w.iVelcnigth 
region close to the 4.1 pm CO.y hand and is shown in Table 1 . 
Obviously spectral emit lance at 3 .t >4 pm » 1 . Note that faMc* I 
gives till' upper biUind ot the spectr.al emittance. 

I Table 1 U|>i»or batinj of Si>eetral Kmittanoo 

< 

Wave 1 engl h i u tim d . 4 t . b T . 8 4 .0 4.8 S . 1) S . !> 


/' 


Upper bound ol 
Spec tral 
llmi 1 1 nice 


0.82 O.cSl U./l 0.72 


